DISPERSIVE TRANSPORT IN R-HOPPING SYSTEMS
H
Abstract. W e have i n v e s t i g a t e d the dynamical p r o p e r t i e s o f an isoenergetic random hopping system by a computer s i m u l a t i o n r e s t r i c t i n g ourselves t o 2D systems f o r computational reasons. This allowed us t o study q u a s i -i n f i n i t e systems i n space w i t h o u t boundaries. The r e s u l t s show t h a t t h e d i s p e r s i v e behaviour o f the c u r r e n t i s present b u t l i m i t e d t o a time scale corresponding t o hops t o a few s i t e s only. A f t e r t h i s time the system i s governed by a quasi-Gaussian behaviour. No i n d i c a t i o n i s found t h a t t h i s p a t t e r n changes f o r very low d e n s i t i e s n o t a c c e s s i b l e t o our present s i m u l a t i o n approach. Comparison w i t h a recent theory by Movaghar e t a l . f o r t h e frequency dependence o f the c o n d u c t i v i t y i s made and near p e r f e c t agreement i s found i f t h e d e n s i t y c o r r e c t i o n f a c t o r i s a l t e r e d f o r t h e 2D case.
I n t r o d u c t i o n . -The d i s p e r s i v e t r a n s p o r t p r o p e r t i e s o f R-Hopping systems have been discussed by several authors. Scher and Lax (1) using the CTRW formalism o f M o n t r o l l and Weiss ( 2 ) have obtained a long dispersive t a i l extending over a l a r g e t i m e s c a l e i f the d e n s i t y o f hopping s i t e s i s s u f f i c i e n t l y small. Pollak (3) on t h e o t h e r hand using p e r c o l a t i o n arguments concludes t h a t dispersion i s n e g l i g i b l e f o r (isoenerget i c ) R-Hopping i n c o n t r a s t t o a paper o f Zvyagin (4) a l s o based on p e r c o l a t i o n theory. Working out a mean-field theory (5) Movaghar e t a l . show t h a t t h i s system does e x h i b i t dispersion although on a l i m i t e d time scale o n l y (6) .
To c l a r i f y t h i s s i t u a t i o n Marshall (7) has undertaken a computer-based MonteCarlo c a l c u l a t i o n working on a small 3D sample. I n these c a l c u l a t i o n s t h e average d r i f t c u r r e n t introduced by an external f i e l d was obtained as a f u n c t i o n of time. The r e s u l t was t h a t d i s p e r s i o n disappears a f t e r a s h o r t time scale. The small volume of the sample i n t h i s simulation, however, can lead t o erroneous r e s u l t s since the d r i f t c u r r e n t i s l i m i t e d by c o n s t r u c t i o n t o a narrow f i l a m e n t . We, therefore, s h a l l present r e s u l t s o f a s i m i l a r s i m u l a t i o n on a sample which i s v i r t u a l l y f r e e ofboundaries. I n c o n t r a s t t o M a r s h a l l ' s work we s h a l l discuss t h e Brownian motion o f t h e c a r r i e r i n the absence o f an external f i e l d . I n t h i s approach we r e s t r i c t ourselves t o a 2D system which can be handled more e a s i l y . T h i s allows us t o extend t h e simul a t i o n t o times l i m i t e d o n l y by the computational e f f o r t involved.
Computational d e t a i l s . -I n t h e f o l l o w i n g we consider the random walk o f c a r r i e r s on a twodimensional a r r a y o f hopping s i t e s w i t h average area d e n s i t y equal t o 1. The t r a n s i t i o n r a t e f o r hopping between s i t e s separated by r i n space i s given by 
i s t r i b u t e d according t o a Binominal d i s t r i b u t i o n w i t h a mean value equal t o t h e
area A. One s i t e i s chosen randomly t o be the p o i n t where the c a r r i e r i s generated i n i t i a l l y . The coordinates o f t h i s p o i n t serve as o r i g i n f o r the reference frame o f the simulation. From t h i s p o i n t t h e 19 nearest neighbours i n space are determined. The Monte Carlo s i m u l a t i o n i s performed adding t h e t r a n s i t i o n r a t e s t o the 19neigh-bours t o o b t a i n the t r a n s i t i o n r a t e W. f o r l e a v i n g the i n i t i a l s i t e i. The actual time t a t which t h i s hop occurs i s c a l c u l a t e d from w i t h the a i d o f a random v a r i a b l e x i n t h e 0 < x < l range which provides a stocha s t i c element i n the c a l c u l a t i o n . The f i n a l s i t e f t o which t h i s hop occurs i s determined by a random procedure weighted by t h e t r a n s i t i o n r a t e o f t h e i n d i v i d u a l hops. For the f i n a l s i t e f t h e process o f determining the 19 neighbours i s repeated and thus t h e Brownian motion o f the c a r r i e r i s monitored. 
d i s t r i b u t i o n o f s i t e coordinates i s e q u i v a l e n t t o a random d i s t r i b u t i o n . For t h e r e a l movement o f t h e c a r r i e r , however, i t occurs t h a t t h e c a r r i e r moves from A t o A ' e t c . and l a t e r on moves back t o say A. I n t h i s case o u r present code t r e a t s A as a new area and hence generates new s i t e coordinates. W e have no i n d i c a t i o n t h a t t h e neglect of c o r r e l a t i o n o f s i t e coordinates gives r i s e t o any a r t e f a c t .
With t h i s r e s t r i c t i o n i n mind we can monitor the motion o f a c a r r i e r over an u n l i m i t e d time scale i n p r i n c i p l e . Unfortunately, however, we r e q u i r e s t a t i s t i c a l averages over many successive and independent simulations i n order t o c a l c u l a t e proper averages. Thus the p r a c t i c a l computations where terminated a f t e r some 105 hopping events.
For l a r g e r values o f a t h e strong dependence o f w on the i n t e r s i t e distance causes an increasing number o f back and f o r t h hops i n small groups o f nearby s i t e s . This e f f e c t i s already described by Marshall ( 7 ) who reduced i t by a special t r e a tment of p a i r s o f nearby s i t e s . I n our s i m u l a t i o n the hopping r a t e s are symmetric (no external f i e l d ) and hence the e l i m i n a t i o n o f p a i r s d i d n o t lead t o a s i g n i f i c a n t reduction o f CPU times. An attempt t o e l i m i n a t e l a r g e r c l u s t e r s o f nearby s i t e s f a i l e d because i t influenced the dynamical behaviour o f t h e system i n the intermedi a t e time regime.
We, therefore, s h a l l r e s t r i c t our discussion t o smaller values o f a where a special treatment o f such c l u s t e r s can be avoided on the expense o f CPU time.
Results. -The system under s i m u l a t i o n can be regarded as a system o f isoenergetic s i t e s a t a f i n i t e temperature. Since the s i t e coordinates a r e determined by a random procedure t h e r e w i l l be s i t e s t h a t a r e embedded i n t o a c l u s t e r o f c l o s e s i t e s as w e l l as s i t e s t h a t a r e r a t h e r i s o l a t e d . Elementary s t a t i s t i c s t e l l s us t h a t both types o f s i t e s must i n e q u i l i b r i u m have the same occupation p r o b a b i l i t y because t h i s p r o b a b i l i t y i s i n f a c t independent o f the environment of t h e s i t e . I n our case where the c a r r i e r i s placed i n i t i a l l y on a s i t e chosen a t random we do already s t a r t w i t h an e q u i l i b r i u m d i s t r i b u t i o n . This i s most e a s i l y seen i f we i n t e r p r e t t h e motion o f the c a r r i e r s i n successive s i m u l a t i o n runs as a simultaneous motion o f many c a r r i e r s i n d i f f e r e n t p a r t s o f an i n f i n i t e medium. Consequently the occupation p r o b a b i l i t y i n our system f o r a l l times resembles t h a t o f an e q u i l i b r i u m d i s t r i b u t i o n . As a consequence q u a n t i t i e s l i k e average hopping time o r average hopping distance are independent of time. W e have checked t h a t evaluating average hopping frequencies and d i stances d i r e c t l y a f t e r the c r e a t i o n o f t h e c a r r i e r i n each s i m u l a t i o n r u n and a f t e r the c a r r i e r has moved f o r some time. The independence o f these q u a n t i t i e s from the "age" of the system was taken as an i n d i c a t i o n t h a t t h e s i m u l a t i o n t r e a t s the problem adequetely.
A time e v o l u t i o n i n our model system can occur o n l y f o r such q u a n t i t i e s t h a t r e f e r t o both time and space p o i n t o f the c a r r i e r generation. I n the f o l l o w i n g we s h a l l discuss the time e v o l u t i o n o f the spread o f the c a r r i e r packet From f i g . 1 i t i s evident t h a t a f t e r a very s h o r t i n i t i a l period equal t o t h e mean hopping time we observe a d i s p e r s i v e spread o f the c a r r i e r packet xhich i s more pronounced f o r the l a r g e r a values. A f t e r some lo3 hops f o r a = 3 (10 f o r a = 9), however, t h i s d i s p e r s i v e spread g r a d u a l l y turns over i n t o a Gaussian behaviour w i t h 62-t, Simulation over even longer times ( w i t h corresponding lower s t a t i s t i c a l weight) c o n f i r m t h a t 62 -t holds i n the l i m i t o f very l o n g times.
W e can c a l c u l a t e the frequency dependence o f t h e c o n d u c t i v i t y from 6 2 ( t ) using the f l u c t u a t i o n -d i s s i p a t i o n theorem 30%. This i s necessary because the p e r c g l a t i o n number, Bc,increases by about t h e same amount i f we switch from 3D t o 2D problems (9) . The d~f f e r e n c e s between our I . . . 
